Monomeric copper(I) alkyl complexes that possess the N-heterocyclic carbene (NHC) ligands IPr, SIPr, and IMes [IPr ) 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene, SIPr ) 1,3-bis(2,6-diisopropylphenyl)imidazolin-2-ylidene, IMes ) 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene] react with amines or alcohols to release alkane and form the corresponding monomeric copper(I) amido, alkoxide, or aryloxide complexes. Thermal decomposition reactions of (NHC)Cu I methyl complexes at temperatures between 100 and 130°C produce methane, ethane, and ethylene. The reactions of (NHC)Cu(NHPh) complexes with bromoethane reveal increasing nucleophilic reactivity at the anilido ligand in the order (SIPr)Cu(NHPh) < (IPr)Cu(NHPh) < (IMes)Cu(NHPh) < (dtbpe)Cu(NHPh) [dtbpe ) 1,2-bis(di-tert-butylphosphino)ethane]. DFT calculations suggest that the HOMO for the series of Cu anilido complexes is localized primarily on the amido nitrogen with some pπ anilido −dπ Cu π*-character. [(IPr)Cu(µ-H)] 2 and (IPr)Cu(Ph) react with aniline to quantitatively produce (IPr)Cu(NHPh)/dihydrogen and (IPr)Cu(NHPh)/benzene, respectively. Analysis of the DFT calculations reveals that the conversion of [(IPr)Cu(µ-H)] 2 and aniline to (IPr)Cu(NHPh) and dihydrogen is favorable with ∆H ≈ −7 kcal/mol and ∆G ≈ −9 kcal/mol.
Introduction
The study of transition metal complexes with high delectron counts that possess nondative heteroaromatic ligands (e.g., amido, alkoxide, imido, oxo, etc.) has substantially increased in the past decade.
1,2 Interest in such systems is derived, in part, from the disruption of ligand-to-metal π-donation that results from filled dπ-manifolds. Nondative heteroatomic ligands coordinated to transition metals in high oxidation states can π-donate and form metal-ligand multiple bonds, which can render the nondative ligands relatively inert. In contrast, coordination of nondative heteroatomic ligands to transition metals in low oxidation states disrupts ligand-to-metal π-donation and often imparts highly nucleophilic and basic character to the nondative ligand. 3 amination, 14,15 metal-mediated H-H and C-H bond activation, 5,16-20 heterolytic cleavage of C-H bonds, 3,7,21-25 polymerization of anilines, -lactams, and carbodiimides, 8, 26, 27 catalytic hydration of nitriles, 28, 29 stoichiometric N-C and O-C bond formation, 4,13,24,25,30,31 and access to low-coordination numbers and high-spin states (in some cases) with imido or oxo ligands. [32] [33] [34] [35] [36] [37] [38] On the basis of a d 10 electron count (i.e., filled dπ-orbital set) and metal-based Lewis acidity, it might be anticipated that Cu I complexes with amido, alkoxide, and related ligands would be highly reactive; however, the potential for increased covalent character for the Cu-X bonds (compared with earlier transition metals) may serve to attenuate reactivity at the nondative ligand. According to several scales, elemental Cu possesses substantial electronegativity relative to other transition metals; 39 however, although elemental Cu is more electronegative than elemental Ru by most scales, Cu I is reported to be less electronegative than Ru II using the Pauling scale for electronegativity (1.9 vs 2.2). 40 With the latter electronegativities, a more polar metal-ligand bond is expected for Cu I compared with that of Ru II , a prediction that is counter to general trends in electronegativity. Hence, the effects of formal oxidation states complicate any comparisons between transition metal complexes that are based on electronegativity differences.
Examples of monomeric and well-defined copper complexes with alkyl, aryl, amido, alkoxide, and aryloxide ligands are relatively uncommon. Sadighi et al. have recently reported the isolation and reactivity of a unique twocoordinate Cu I methyl complex with a N-heterocyclic carbene (NHC) supporting ligation. 41 Although more common than alkyl complexes, structurally characterized monomeric Cu I alkoxides are also quite limited. [42] [43] [44] To our knowledge, the isolation of monomeric Cu I amido complexes is extremely rare. 45 , 46 We recently communicated that the reactions of substrates that possess N-H, O-H, and acidic C-H bonds with Cu I alkyl complexes with the NHC ligand IPr {IPr ) 1,3-bis-(2,6-diisopropylphenyl)imidazol-2-ylidene} produce monomeric Cu I anilido, ethoxide, phenoxide, phenylacetylide, and N-pyrrolyl complexes, which serve as catalysts for the antiMarkovnikov addition of amines and alcohols to electrondeficient olefins. 46-47 Herein, we report the synthesis and characterization of a series of Cu I methyl, phenyl, anilido, ethoxide, and phenoxide complexes with the NHC ligands IPr, IMes [IMes ) 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene], and SIPr [SIPr ) 1,3-bis(2,6-diisopropylphenyl)-imidazolin-2-ylidene], including details of characterization, solid-state structures, comparative reactivity studies, and DFT calculations relevant to the observed reactivity.
Results and Discussion
Synthesis and Characterization of Cu I Methyl and Phenyl Complexes. Herein, we report a series of monomeric copper (I) methyl, phenyl, anilido, ethoxide, and phenoxide complexes that have been formed using three different NHC ligands (Chart 1). Sadighi et al. previously reported the synthesis of (IPr)Cu(Me) (1) from (IPr)Cu(OAc) and tri- 42 We used the same methodology to synthesize the analogous monomeric Cu I complexes (SIPr)-Cu(Me) (2) and (IMes)Cu(Me) (3) (eq 1).
In addition, complex 3 is cleanly produced upon reaction of (IMes)Cu(Cl) and MeLi. The phenyl complexes, (IPr)Cu-(Ph) (4) and (SIPr)Cu(Ph) (5), are formed from the reaction of the corresponding (NHC)Cu(Cl) complex and Ph 2 Mg (eq 2). 1 H NMR spectroscopy reveals that 5 is formed with a minor intractable impurity in an approximately 4:1 ratio. Although the NMR spectra reveal pure material, we were not able to obtain satisfactory elemental analysis of the phenyl complex 4. Similar difficulties have been reported for the (NHC)Cu-(Me) systems. 42, 48 Synthesis and Characterization of Cu I Anilido, Ethoxide, and Phenoxide Complexes. Recently, we reported the syntheses and characterization of (IPr)Cu(NHPh) (6), (IPr)-Cu(OEt) (7), and (IPr)Cu(OPh) (8) upon reaction of complex 1 with aniline, ethanol, and phenol, respectively. 46 Similar procedures were used to prepare and isolate the series of complexes (SIPr)Cu(X) [X ) NHPh (9), OEt (10), and OPh (11)] and (IMes)Cu(X) [X ) NHPh (12), OEt (13), and OPh (14)] (Scheme 1). In addition, the anilido complexes can be synthesized by metathesis of (NHC)Cu(Cl) with LiNHPh. 46 Complex (IMes)Cu(OEt) (13) could not be isolated in the solid-state and is only stable in solution in the presence of a slight excess of free EtOH (see Experimental Section for details).
Solid-State Structures of Cu I Anilido Complexes. The solid-state structures of 6 and (dtbpe)Cu(NHPh) [dtbpe ) 1,2-bis(di-tert-butylphosphino)ethane] have been reported. 45, 46 Single-crystals of 9 suitable for X-ray diffraction (XRD) study were obtained to compare the structures of the copper anilido complexes. Figure 1 depicts an ORTEP of 9, and Table 1 provides crystallographic data and collection parameters for all structures reported herein. Both (NHC)Cu-(NHPh) complexes 6 and 9 exhibit a linear geometry with C1-Cu1-N1 bond angles of approximately 175°. The plane of the anilido phenyl is approximately coplanar with the H-N-C phenyl plane, which optimizes delocalization of the amido lone pair into the phenyl π*-system (see discussion below). This geometric feature is consistent for all three Cu I anilido complexes (Figure 2 ). The Cu1-N1 bond distances of complexes 6 and 9 are statistically identical at 1.841(2) and 1.846(2) Å, respectively. Thus, the saturated backbone of the SIPr ligand, compared with the unsaturated IPr backbone, does not appear to substantially impact Cu-N amido bonding. The Cu-N amido bond distances are also shorter than, but comparable to, the Cu-N amido bond distance of 1.890-(6) Å for (dtbpe)Cu(NHPh). 45, 46 The N amido -C ipso bond distances of complexes 6, 9, and (dtbpe)Cu(NHPh) are statistically identical at 1.351(4), 1.359(3), and 1.354(9) Å, respectively. These bond distances are shorter than a typical N-C single bond (∼1.47 Å) and the corresponding bond distance of the amine complex [(dtbpe)Cu(NH 2 Ph)][PF 6 ], which is 1.444(4) Å. 45 Thus, the solid-state N amido -C ipso bond distances of the Cu I anilido complexes are consistent with some N-C multiple bonding.
Variable-Temperature NMR of (IPr)Cu(NHPh) (6). The ability of the aryl π*-system to delocalize electron density from the amido lone pair is likely a contributing factor for the relatively high abundance of aryl amido complexes, compared with that of the parent and alkyl amido systems. Hindered bond rotations about the N amido -C ipso Figure 1 . ORTEP of (SIPr)Cu(NHPh) (9) at 30% probability (selected hydrogen atoms omitted). Selected bond distances (Å): C2-C3 ) 1.517-
bonds of the aryl amido complexes have been observed, 22, [49] [50] [51] and partial N amido -C ipso multiple bonding caused by electron delocalization may contribute in some cases to the activation barriers for N-C bond rotation. Support for this delocalization can also be found in the DFT-optimized geometries of NHC-Cu-anilido (NHC ) IPr, SIPr, and IMes), which revealed calculated N amido -C ipso bond distances of 1.38 Å, or approximately 0.04 Å shorter than aniline-optimized at the same level of theory, as well as the experimental N amido -C ipso bond distances of ∼1.35 Å (see above). Variabletemperature 1 H NMR spectroscopy in toluene-d 8 (22 to -80°C
) was used to study the dynamics of complex 6. At room temperature, a single time-averaged resonance is observed because of the ortho position of the amido phenyl. At reduced temperatures, this resonance broadens and decoalesces into two doublets, which resonate at 6.26 and 5.33 ppm in the slow-exchange regime, which is accessed at -70°C. The observed changes are consistent with slow rotation (at lower temperatures) about the N amido -C ipso bond relative to the NMR time scale. No evidence for slow rotation (on the NMR time scale) about the Cu-N amido bond is observed at temperatures down to -80°C. The rate of N amido -C ipso bond rotation has been calculated at the coalescence temperature (-40°C, k ) 6.4 × 10 2 s -1
) and in the fast-exchange regime using line broadening. Table 2 depicts rate constants and calculated ∆G q values. An Eyring plot of these data reveals ∆Η q ) 7 kcal/mol and ∆S q ) -14 eu (Figure 3 ).
Solid-State Structures of Cu I Ethoxide and Phenoxide Complexes.
We have previously reported details of the solidstate structure of (IPr)Cu(OEt) (7). 46 Single-crystals of 10 suitable for an XRD study were obtained (Figure 4 ). Both (NHC)Cu(OEt) complexes 7 and 10 exhibit a nearly linear geometry with C1-Cu1-O1 bond angles of approximately 176°. The Cu1-O1 bond distances of complexes 7 and 10 are statistically identical at 1.799(3) and 1.793(7) Å, respectively. 46 The solid-state structures of two monomeric Cu I alkoxide complexes have been reported. The Cu-O bond lengths for Cu{OCH(CF 3 ) 2 }(PPh 3 ) and (IPr)Cu(O t Bu) are 2.087(6) and 1.8104(13) Å, respectively. 42, 44 The longer bond distance of Cu{OCH(CF 3 ) 2 }(PPh 3 ) is likely a result of the electron-withdrawing perfluoromethyl groups.
The solid-state structure of (IPr)Cu(OPh) (8) has been previously reported, 46 and herein, we report the structures of complexes 11 and 14 (Figures 5 and 6 ). Complex 11 contained two independent molecules in the crystallographic asymmetric cell. All three copper phenoxide complexes exhibit a linear geometry with C1-Cu1-O1 bond angles ranging from 173°to 178°. The Cu1-O1 bond distances of complexes 8, 11, and 14 are similar at 1.839(2), 1.831(3), and 1.833(1) Å, respectively. Depiction of orientation of phenyl substituents of anilido ligands of (SIPr)Cu(NHPh) (9) (left), (IPr)Cu(NHPh) (6) (middle), and (dtbpe)Cu-(NHPh) (right) with most atoms removed (carbon and hydrogen are gray, nitrogen is blue, copper is orange, and phosphorus is pink). The structures of the latter two complexes have been previously reported. 45, 46 
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The effect of the identity of the nondative ligand on the trans Cu-C NHC bond length of (NHC)Cu(X) (X ) Me, NHPh, OEt, or OPh) systems was examined (Table 3 ). The Cu-C IPr bond distance decreases in the order Me > NHPh > OEt ≈ OPh. As the electronegativity of the nondative ligand increases and its σ-donor ability presumably decreases, the trans Cu-C NHC bond distance decreases.
Thermal Decomposition of Cu I Methyl and Phenyl Complexes. Solutions of 1, 2, and 3 in C 6 D 6 were heated to temperatures between 100 and 130°C and monitored by 1 H NMR spectroscopy (Scheme 2). Visual inspection of the NMR tubes indicated decomposition of the copper complexes in the form of a black precipitate or pink plating and a concomitant change in solution from colorless to pale yellow. The 1 H NMR spectra reveal the formation of several uncharacterized (NHC)Cu systems without the formation of free or protonated NHC ligands. In addition, three new singlets at 0.16, 0.80, and 5.26 ppm are observed, which are consistent with the resonances for methane, ethane, and ethylene, respectively. The resonance from methane is a singlet, which is consistent with the formation of CH 4 rather than CH 3 D. Mass spectrometry was used to analyze the headspace of the reaction mixture from the thermolysis of complex 2, and the data confirm the formation of methane, ethane, and ethylene. Similar to the methyl complexes 1-3, heating of the C 6 D 6 solutions of the phenyl complexes 4 and 5 to 120 and 130°C, respectively, results in decomposition; however, unambiguous identification of the products (organic or organometallic) was not possible. . ORTEP of (SIPr)Cu(OEt) (10) at 30% probability (hydrogen atoms omitted). Selected bond distances (Å):
Figure 5. ORTEP of one of two independent molecules of (SIPr)Cu-(OPh) (11) at 30% probability (hydrogen atoms omitted). Selected bond distances (Å):
Figure 6. ORTEP of (IMes)Cu(OPh) (14) at 30% probability (hydrogen atoms omitted). Selected bond distances (Å): One potential pathway for the formation of the organic products from (NHC)Cu(Me) is the initial bond homolysis of the Cu-Me linkage leading to the transient formation of a methyl radical. The heating of solutions of 2 in C 6 D 6 in the presence of TEMPO (2,2,6,6-tetramethylpiperidinyloxy) or 1,4-cyclohexadiene leads to the formation of methane, ethane, and ethylene without additional organic products that would result from trapping of the methyl radical by TEMPO or 1,4-cyclohexadiene. Furthermore, heating of solutions of 1 or 2 in toluene-d 8 , which possesses a weak benzylic C-H(D) bond and would be anticipated to yield CH 3 D if methyl radical were formed, results in no change from reactions in C 6 D 6 . Thus, the thermal decompositions of 1-3 do not likely involve Cu-C Me bond homolysis. The lack of Cu-R bond homolysis, even at elevated temperatures, is consistent with calculated Cu-C Me bond dissociation energies for (NHC)Cu(Me) systems of ∼80 kcal/mol (see below).
We have recently reported evidence that single-electron oxidation of (NHC)Cu(R) (R ) Me or Et) complexes to unobserved Cu II cations, [(NHC)Cu(R)] + , results in rapid reductive elimination of alkane "R 2 " and formation of (NHC)Cu(X). 48 Mechanistic studies suggest that the elimination of R 2 from Cu II occurs via a bimolecular pathway that does not involve Cu-C bond homolysis; however, in contrast to the thermal decomposition of Cu I complexes, such as (NHC)Cu(Me), decomposition of the Cu II alkyl complexes does not result in formation of olefins (by 1 H NMR spectroscopy), and methane formation is negligible from Cu II . 48 Thus, the decomposition pathways of (NHC)Cu(R) and [(NHC)Cu(R)] + appear to be mechanistically distinct, although neither appears to occur through Cu-C alkyl bond homolysis. Unfortunately, attempts to follow the kinetics of the thermal decomposition of (NHC)Cu(Me) systems gave highly varied results. Whitesides et al. have reported that the decomposition of (Bu 3 P)Cu(n-butyl) at 0°C involves initial -hydride elimination, followed by reduction of starting material by the resulting Cu-hydride complex, 53 while [{PhC(Me) 2 CH 2 }Cu(PBu 3 )] n , which lacks a -hydrogen atom, undergoes decomposition at 30°C with product distributions that are consistent with Cu-C bond homolysis. 54 The (NHC)Cu(Me) systems do not undergo Cu-C bond homolysis nor do they possess -hydrogen atoms for an initial -hydride elimination step. Thus, the thermal decomposition of (NHC)Cu(Me) complexes likely proceeds by a mechanism that is distinct from those observed for (Bu 3 P)-Cu(R) systems.
The heating of complexes 1-5 in C 6 D 6 (100°C to 130°C ) does not lead to activation of benzene C-H(D) bonds to form (NHC)Cu(Ph-d 5 ) and either CH 3 D or C 6 H 5 D. DFT calculations on full SIPr models were performed to ascertain the energetics of benzene C-H bond activation by (SIPr)-Cu(Me) (2) and (SIPr)Cu(Ph) (5) (Scheme 3). We first assessed the potential radical reactivity of (SIPr)Cu(Me) (2) and (SIPr)Cu(Ph) (5) through calculation of the Cu-C homolytic bond dissociation enthalpies (BDEs) to produce methyl and phenyl radicals, respectively. The B3LYP/6-31G-(d) computations indicate that the Cu-C bonds possess substantial bond strength with BDE Cu-Me ) 80 kcal/mol for 2 and BDE Cu-Ph ) 95 kcal/mol for 5. The large Cu-C BDEs are consistent with experimental results that suggest that Cu-C bond homolysis does not occur, even at elevated temperatures.
The thermodynamics and kinetics for benzene C-H bond activation via four-centered σ-bond metathesis transition states (TS) were also calculated at the B3LYP/6-31G(d) level of theory for full SIPr models. The calculated TSs are shown in Figure 7 . Pertinent calculated thermodynamics (in kcal/ mol) at STP are ∆H rxn ) -9.1 (Me), 0.0 (Ph) and ∆G rxn ) -7.9 (Me), 0.0 (Ph). The favorable driving force for Me/Ph ligand exchange for complex 2 is consistent with the relative BDEs of Cu-Ph > Cu-Me (by ∼15 kcal/mol), while the difference in the C-H BDE between CH 4 and C 6 H 6 is (53) Whitesides, G. M.; Stedronsky, E. R.; Casey, C. P.; San Filippo, J., Jr. To compare the impact of the ancillary ligand on nucleophilic reactivity, kinetic studies were undertaken for the reaction of (IPr)Cu-(NHPh) (6), (SIPr)Cu(NHPh) (9), and (IMes)Cu(NHPh) (12) with bromoethane. All three reactions cleanly produce ethylaniline and a (NHC)Cu product with resonances consistent with (NHC)Cu(Br) (Scheme 4). The rates and halflives of these reactions and those of previously reported complexes are summarized in Table 4 .
The copper(I) anilido complexes undergo significantly more rapid reaction with bromoethane than the TpRu anilido complex. For the (NHC)Cu(NHPh) complexes, the reactivity decreases in the order IMes > IPr > SIPr (Chart 2). The difference in rate between 6 and 12 is likely the result of steric effects. For complex 9, the saturated backbone of the SIPr ligand decreases the rate of the nucleophilic reaction by approximately 2-fold relative to that of the IPr analogue 6.
We postulated that the increased electron density of the three-coordinate (dtbpe)Cu(NHPh) system might accelerate the nucleophilic reactivity compared with the two-coordinate (NHC)Cu(NHPh) systems. To test this possibility, we attempted to coordinate the Lewis base t BuNC to complex 6 and probe the impact on the rate of reaction with bromoethane. The combination of 6 and t BuNC reveals new resonances ( 1 H NMR spectroscopy) consistent with the formation of (IPr)Cu(NHPh)( t BuNC) in equilibrium with 6 and free t BuNC (eq 3).
The equilibrium constant (K eq ) is 0.4 at room temperature. Even though the three-coordinate complex (IPr)Cu(NHPh)-(CN t Bu) is not isolable, the rate of the reaction with bromoethane was determined to discern if the coordination of the isonitrile influences the rate of reaction. The kinetic studies of 6 and bromoethane in the presence of 2 equiv of At the obtained minima, pertinent molecular and electronic structural parameters were calculated at the same B3LYP/ 6-31G(d) level of theory, and these data are organized in Table 5 . As anticipated, it is apparent that the N-heterocyclic carbene complexes are more similar to each other and thus distinct from the bulky, chelating bisphosphine complex (dtbpe)Cu(NHPh). The Cu-N bond is longer by ∼0.05 Å for the dtbpe complex than for the NHC derivatives, commensurate with the experimentally measured bond length differences. The calculated Cu-N amido bond energies are ∼7 kcal/mol stronger for the NHC complexes than for (dtbpe)-Cu(NHPh), regardless of the geometries of the bonddissociation products (anilido radical and LCu) being allowed to relax (the bond-dissociation enthalpies) or not (the socalled "snap" bond energies). The calculated BDEs (Cu- While the calculated atomic charges always possess some degree of uncertainty, particularly for transition metal complexes, the similarity of the systems being studied provides confidence that the values are reasonable, if not in magnitude then in direction. All Cu I complexes possess a negative charge at the anilido nitrogen, which implies nucleophilic character at this site, with the dtbpe complex being slightly less negative than the NHC counterparts. Additionally, the Cu is calculated to have a positive charge of +0.25 for the NHC complexes and +0.05 for (dtbpe)-Cu(NHPh). The copper charges suggest that the metal will be less acidic/electrophilic for the dtbpe complex versus the NHC derivatives, a conjecture supported by the calculation of the energy of the lowest-unoccupied Kohn-Sham orbital (KS-LUMO), which is higher by ∼0.4 eV for the dtbpe complex. However, caution is appropriate for the latter point as the KS-LUMO is a Cu-based orbital for the dtbpe complex, while the KS-LUMOs possess primarily ligandbased character for the NHC complexes (see Figure 8 ). There is more uniformity in the orbital composition of the KSHOMOs, with the DFT calculations indicating that most of the orbital composition is on the anilido ligand. There is minimal copper character to the KS-HOMOs, and that which is found appears to be Cu 3d rather than Cu 4p. Thus, analysis of DFT calculations reveal the KS-HOMOs to be primarily an anilido pπ-orbital with slight π*-character from a Cu dπ-orbital. These results are consistent with the lack of evidence of hindered Cu-N anilido bond rotation at temperatures down to -80°C experimental, which may also suggest negligible anilido to Cu-4p π-donation for these complexes. The artificial construction of a C s symmetric structure in which the anilido ligand is perpendicular to the NHC ring to mimic a plausible transition state for Cu-N rotation yields a stationary point that is only 1 kcal/mol higher in enthalpy, suggesting a relatively low barrier for torsion about this bond. In all cases, the KS-HOMOs have π-delocalization among the anilido nitrogen and the carbons that compose the phenyl ring. This interaction is presumably sufficient in strength to keep the anilido nitrogen planar. The calculation for rotation about the N anilido -C ipso bond reveals an enthalpy of activation of 11 kcal/mol, which is similar to the experimentally determined value of 7 kcal/mol (see above).
Experimental and Computational Study of Reactions of (IPr)Cu(NHPh) (6) and Benzene or Dihydrogen. (IPr)-Cu(NHPh) (6) was separately heated (80°C) in C 6 H 6 and C 6 D 6 for 24 h with no reaction. Conversely, (IPr)Cu(Ph) (4) reacts with aniline in C 6 D 6 to form 6 and benzene (eq 4). ature after 24 h. If it is assumed that 5% of 4 (relative to 6) can be detected by 1 H NMR spectroscopy, the K eq is greater than 1000 for the equilibrium between 4/aniline and 6/benzene.
Phenyl complex 4 is completely consumed at room temper-
When complex 6 is placed under 60 psi of dihydrogen in benzene at ambient temperature, no reaction occurs after 18 h. The anilido complex persists, and neither aniline nor the previously reported Cu I hydride complex [(IPr)Cu(µ-H)] 2 is produced. 42 To determine if the kinetics or thermodynamics is responsible for the lack of reaction between 6 and dihydrogen, [(IPr)Cu(µ-H)] 2 was synthesized according to the procedure reported by Sadighi et al. 6 The reaction of [(IPr)Cu(µ-H)] 2 with aniline rapidly produces gas (presumably H 2 ) and complex 6 at room temperature, as confirmed by 1 H NMR spectroscopy (eq 5).
It has been noted that the thermodynamics of reactions between transition metal amido complexes and dihydrogen to form metal hydride complexes and free amine are dependent upon the identity of the metal center.
12 Early transition metal systems tend to favor transition metal amido/ free dihydrogen, while late transition metal complexes exhibit a predilection toward transition metal hydride/free amine formation. This trend has been rationalized by increased metal-amido bond energies resulting from the efficient amido-to-metal π-bonding for early transition metal systems versus late transition metal complexes, for which π-bonding is often disrupted (see above). 12,55 Examples of systems that follow these trends include the conversion of Cp*Ru(PMe 3 ) 2 -(NPh 2 ) (Cp* ) pentamethylcyclopentadienyl) and dihydrogen to produce free amine and Ru hydride complexes, 56 reaction of (PCP)Ru(CO)(NH 2 ) (PCP ) η 3 -C 6 H 3 -2,6-(CH 2 P tBu 2 ) 2 ) and dihydrogen to produce free ammonia and Ru hydride complexes, 5 the release of aniline and formation of a Pt dihydride upon combination of trans-(PEt 3 ) 2 Pt(H)NHPh and dihydrogen, 57 and the reaction of Cp* 2 M(H) 2 (M ) Zr or Hf) with ammonia to produce dihydrogen and the corresponding parent amido complexes. 56 Interestingly, despite evidence that the amido-to-Cu π-interaction is negligible or weak (see above), the conversion of [(IPr)Cu-(µ-H)] 2 and aniline to (IPr)Cu(NHPh) (6) and dihydrogen is consistent with the reactivity of early transition metal complexes. 58 The conversion of (IPr)Cu(Ph) (4) and aniline to (IPr)Cu(NHPh) (6) and benzene also contrasts to reactivity observed with another late transition metal anilido complex. (PCP)Ir(H)(Ph) and free NH 2 Ph are thermally favored over (PCP)Ir(H)(NHPh) and free C 6 H 6 with K eq ) 105. 59 Thus, the (IPr)Cu I fragment demonstrates a thermodynamic propensity for the formation of a Cu-NHPh bond that is atypical of late transition metal systems, which seems to suggest a shift in the relative magnitude of the M-H/M-N anilido and M-C phenyl /M-N anilido BDEs from established norms. To probe these results in more details, we used computational studies for equilibria between metal-hydride/aniline and metal-anilido/dihydrogen for four systems (Scheme 5). 
Scheme 5. DFT Calculated Changes in Enthalpy for Conversion of Transition Metal Hydride Complexes and Aniline to Transition Metal Anilido Complexes and Dihydrogen
The experimental BDE of dihydrogen is 104 kcal/mol and the N-H BDE of aniline is 92 kcal/mol, 60 and thus, ignoring entropic contributions, if the resulting M-H bond is > 12 kcal/mol stronger than the M-N amido bond, then the equilibrium will favor the transition metal hydride/amine side of the reaction. Calculations at the B3LYP/6-31G(d) level of theory reveal a difference in the BDE values of dihydrogen and aniline (N-H) of ∼20 kcal/mol. For the equilibrium between putative monomeric complex (IPr)Cu(H) and free aniline with complex 6 and free dihydrogen, these calculations reveal that ∆H ) -19.3 kcal/mol with ∆G ) -17.9 kcal/mol (Scheme 5). If the dimerization energy for [(IPr)-Cu(µ-H)] 2 (i.e., net reaction is 0.5 equiv of the Cu dimer and aniline converted to 1 equiv of 6 and dihydrogen) is taken into account, the reaction is less exothermic and exergonic but still favorable: ∆H ) -6.8 kcal/mol and ∆G ) -9.3 kcal/mol.
A Analysis of the metal-anilido and metal-hydride BDEs is instructive, although these values should be viewed as approximate given the small hydrogen basis sets being used. For the Pt and Ru complexes, the calculated BDEs(Manilido) are substantially weaker than the corresponding BDEs(M-H): BDE(Pt-H) ) 72 kcal/mol, BDE(Ptanilido) ) 43 kcal/mol, BDE(Ru-H) ) 71 kcal/mol, and BDE(Ru-anilido) ) 35 kcal/mol. Hence, the considerably stronger M-H bond versus the M-N anilido bond countermands the thermodynamic preference for H 2 versus aniline. For Zr and Cu, the M-H and M-N anilido bond strengths are comparable, thus pushing the equilibrium to the right given the 12 kcal/mol (experimental) advantage for BDE(H-H) over BDE(aniline N-H): BDE(Zr-H) ) 68 kcal/mol, BDE-(Zr-anilido) ) 67 kcal/mol, and BDE{monomeric (IPr)Cu-H} ) BDE{(IPr)Cu-N anilido } ) 87 kcal/mol. The calculated BDE(M-H) values show much less variance than the BDE-(M-anilido) values, implying that it is primarily differences in the latter that dictate the course of the aniline/H 2 equilibrium. The difference in M-N anilido BDEs between Ru, Pt, and Zr can be rationalized by relatively strong anilidoto-Zr π-bonding with such a π-bonding interaction nonexistent or negligible for Ru and Pt. Octahedral Ru II has no vacant orbital of π-symmetry and Pt II only offers a relatively highenergy pπ-orbital. Consistent with the differences in π-bonding interactions between Zr IV , Pt II , and Ru II , calculations reveal that the Ru and Pt anilido complexes display significant pyramidal character at the anilido nitrogen, while the Zr complex is planar at the anilido nitrogen. The calculated Cu complexes also display a planar anilido ligand; however, similar to Pt II , the only vacant Cu-based atomic orbital of π-symmetry is a relatively high-energy 4p orbital, and both computational results suggest negligible amido-toCu π-donation. Thus, the strong Cu-anilido bond is difficult to rationalize using traditional considerations.
Natural bond-orbital (NBO) calculations show the anilido nitrogen in the Pt and Ru complexes to be sp 3 hybridized, consistent with the pyramidal geometry at this atom. 61 The calculations reveal that the anilido nitrogen atoms in the Zr and Cu complexes are planar, which may arise, in part, from the π-interaction between the anilido N and the phenyl substituent rather than anilido-to-metal π-donation, as expected for earlier high-valent metal complexes such as Zr IV . Although the arguments about hybridization based on planarity versus pyramidal character for amido ligands are tenuous (e.g., Grotjahn et al. have reported a gas-phase structural analysis of LiNH 2 that suggests a planar nitrogen), 62 the fact that geometry optimization of an (NHC)Cu(NH 2 ) model yields a pyramidal amido nitrogen suggests that the phenyl ring may play a role in the planarity of the anilido nitrogen and, hence, suggest sp 2 hybridization. While the Zr orbital used for the bond to the anilido nitrogen is primarily d in nature, Cu uses an orbital that is predominantly 4s (89% s and 10% d by the NBO analysis). Combining the various pieces of evidence, we suggest the possibility that the combination of an sp 2 -hybridized anilido nitrogen with the larger 4s orbital used for bonding by Cu may result in better metal-anilido σ-overlap, which would result in relatively strong Cu-N anilido bonds. It is also likely that the lowcoordination number enforced by the bulky NHC ligands also enhances copper-anilido bonding.
Conclusions
Monomeric copper(I) methyl complexes that possess the N-heterocyclic carbene ligands IPr, SIPr, and IMes react with aniline, ethanol, or phenol to release methane and form the corresponding copper(I) anilido, ethoxide, and phenoxide complexes, and the solid-state structures have confirmed the monomeric nature of these complexes. The (NHC)Cu I methyl, phenyl, and anilido complexes are quite stable under an inert atmosphere. The methyl complexes do not decompose until they are heated (in C 6 D 6 ) to temperatures between 100 and 130°C. The Cu I phenyl systems decompose between 120 and 130°C, and (IPr)Cu(NHPh) is stable for prolonged periods of time in C 6 D 6 at temperatures up to 130°C. The stability of these systems is likely attributable, at least in part, to the substantial BDEs (calculated) of ∼80 kcal/mol for the Cu-Me bond, ∼95 kcal/mol for the Cu-Ph bond, and ∼87 kcal/mol for the Cu-N anilido bond.
For reaction with bromoethane, which resembles a traditional S N 2 transformation, the Cu I anilido complexes have been shown to undergo reaction more rapidly than a related Ru II anilido complex, and relative kinetics are consistent with increasing nucleophilicity in the order TpRu(PMe 3 ) 2 (NHPh) , (SIPr)Cu(NHPh) < (IPr)Cu(NHPh) < (IMes)Cu(NHPh) < (dtbpe)Cu(NHPh). Given that the Ru II amido complexes are among the most reactive (i.e., nucleophilic and basic) transition metal amido complexes, the enhanced reactivity of the Cu systems compared to Ru suggests that the Cu complexes might be exploited for a variety of metal-mediated synthetic processes. Highly nucleophilic reactivity is a common feature of amido ligands coordinated to late transition metals in low oxidation states.
(IPr)Cu(NHPh)/free dihydrogen and (IPr)Cu(NHPh)/free benzene are thermodynamically favored over (IPr)Cu(µ-H)] 2 / free NH 2 Ph and (IPr)Cu(Ph)/free NH 2 Ph, respectively, which is in contrast to previously observed reactivity patterns of late transition metal amido systems and is consistent with early transition metal systems. Thus, the Cu I -anilido complexes exhibit an interesting mixture of features consistent with both early (likely based on the homolytically strong Cu-X bonds) and late (likely based on weak Cu-X π-interaction) transition metal complexes. Calculations suggest that the origin of the thermodynamic preferences is an unusually strong M-N anilido BDE. It should be noted that the (dtbpe)Cu(NHPh) and (NHC)Cu(NHPh) are, to our knowledge, the only examples of isolable monomeric Cu I amido complexes, and perhaps the calculated large Cu-N anilido BDEs are a hallmark of this class of complexes. Although the source of the apparently large Cu-N anilido BDE is not definitively known, the involvement of the Cu 4s orbital in Cu-N σ-bonding, possible sp 2 hybridization of the anilido nitrogen, and low coordination number of the Cu systems may contribute.
Experimental Section
General Methods. All procedures were performed in a glovebox under an inert atmosphere of dinitrogen or using standard Schlenk techniques. The glovebox atmosphere was maintained by periodic nitrogen purges and monitored by an oxygen analyzer {O 2 (g) < 15 ppm for all reactions}. Benzene, toluene, THF, and hexanes were purified by reflux over sodium, followed by distillation. Benzene-d 6 and toluene-d 8 were distilled over sodium, degassed by three freeze-pump-thaw cycles, and stored over 4 Å molecular sieves. CDCl 3 was distilled over calcium hydride, degassed by three freeze-pump-thaw cycles, and stored over 4 Å molecular sieves. All reactions performed on an NMR scale used J-Young NMR tubes that were loaded in a glovebox. 1 H and 13 C NMR measurements were performed on either a Varian Mercury 400 MHz or a Varian Mercury 300 MHz spectrometer (operating frequencies for 13 C NMR spectra were 100 and 75 MHz, respectively) and referenced to TMS using resonances from residual protons in the deuterated solvents or the 13 C resonances of the deuterated solvents. IR spectra were obtained on a Mattson Genesis II spectrometer either as thin films on a KBr plate or in solution using a KBr solution cell. Electrochemical experiments were performed under a nitrogen atmosphere using a BAS Epsilon potentiostat. Cyclic voltammograms were recorded in a standard three-electrode cell from -2.00 to +2.00 V with a glassy carbon working electrode and tetrabutylammonium hexafluorophosphate as the electrolyte. Tetrabutylammonium hexafluorophosphate was dried under dynamic vacuum at 140°C for 48 h prior to use. All potentials are reported versus NHE (normal hydrogen electrode) using cobaltocenium hexafluorophosphate as an internal standard. Copper(I) chloride, TEMPO, MeLi, and 1,4-cyclohexadiene were obtained from commercial sources and used as received. Copper(I) acetate was purchased from Strem Chemical and used as received. Diphenylmagnesium was prepared according to a reported procedure. 63 The ligands SIPr and IMes were prepared according to reported procedures. 64 The synthesis and characterization of (IPr)Cu(NHPh) (6), (IPr)Cu(OEt) (7), and (IPr)Cu(OPh) (8) have been reported in a preliminary communication. 46 The copper complexes (IPr)Cu ( (SIPr)Cu(NHPh) (9). Method A. (SIPr)Cu(Me) (0.080 g, 0.17 mmol), benzene (5 mL), and aniline (16 µL, 0.17 mmol) were added sequentially to a thick-walled glass pressure tube. The solution was heated for 48 h at 60°C. The solution was cooled to room temperature, the volume reduced approximately by half in vacuo, and hexanes were added to yield a white solid. The solid was collected and dried (0.060 g, 65%). Method B. (SIPr)Cu(Cl) (0.144 g, 0.29 mmol) was dissolved in benzene (10 mL), and LiNHPh (0.0276 g, 0.28 mmol) was added. The pale yellow solution was stirred for 2 h and then filtered through Celite. The benzene volume was reduced by approximately half in vacuo, and hexanes were added to yield a pale yellow solid (0.0934 g, 61%) . Crystals suitable for a solid-state X-ray diffraction study were grown at room temperature by layering a toluene solution of 9 with pentane. 1 (SIPr)Cu(OPh) (11). Phenol (0.015 g, 0.16 mmol) was added to a round-bottom flask charged with (SIPr)Cu(Me) (0.075 g, 0.16 mmol) and 4 mL of benzene. Evolution of a gas (presumably methane) was immediately observed. The benzene volume was reduced by approximately half in vacuo, and hexanes were added to yield a white solid. The solid was collected by vacuum filtration and dried (0.075 g, 86%). Crystals were grown by layering a concentrated toluene solution of 11 with pentane. 1 (IMes)Cu(NHPh) (12). A round-bottom flask was charged with (IMes)Cu(Cl) (0.050 g, 0.12 mmol) and 5 mL of benzene, and LiNHPh (0.012 g, 0.12 mmol) was added to the solution. The pale yellow solution was stirred for 4 h and then filtered through Celite. The solvent volume was reduced by approximately half in vacuo, and hexanes were added to yield a pale yellow precipitate. The solid was collected by vacuum filtration and dried (0.027 g, 47% 13 (s, 6H, p-CH 3 ), 1.95 (s, 12H, o-CH 3 ) . 13 C NMR (C 6 D 6 ): δ 181.8 (NCCu), 161.2 (CuNC), 139.3, 135.9,  134.9, 129.6, 129.0, 121.4, 116.3, 110 .4 (aryl of IMes and anilido ligands and NCH), 21.3 (p-CH 3 ), 17.9 (o-CH 3 ). We were unable to obtain a satisfactory elemental analysis of this complex. The 1 H NMR spectrum is provided in the Supporting Information.
(IMes)Cu(OEt) (13). Ethanol (16 µL, 0.28 mmol) was added to a pressure tube charged with (IMes)Cu(Me) (3) (0.075 g, 0.20 mmol) and 10 mL of benzene. The solution was heated for 1 h at 60°C. A 0.5 mL aliquot was removed from the pressure tube, and the nonvolatiles were evaporated with a stream of dinitrogen. The residue was taken up in C 6 D 6 , and a 1 H NMR spectrum was acquired that was consistent with the formation of (IMes)Cu(OEt) in the presence of free EtOH. At room temperature, resonances from the Cu-OEt moiety are broad, consistent with a rapid exchange (on the NMR time scale) between residual free EtOH and the Cu-OEt ligand. In contrast to the other (NHC)Cu(OEt) systems, complex 13 is apparently only stable in the presence of excess ethanol. Complete removal of EtOH, via repeated removal of nonvolatile material under reduced pressure, results in the isolation of a solid whose NMR spectra reveal multiple and intractable (NHC)Cu systems.
(IMes)Cu(OPh) (14). Phenol (0.021 g, 0.23 mmol) was added to a round-bottom flask charged with (IMes)Cu(Me) (0.085 g, 0.22 mmol) and 4 mL of benzene. Evolution of a gas (presumably methane) was immediately observed. After the mixture was stirred for approximately 10 min, the solvent volume was reduced by approximately half in vacuo, and hexanes were added to yield a white solid. Thermolysis of (NHC)Cu(Me) (2) in C 6 D 6 . A representative procedure is given. A screwcap NMR tube was charged with a solution of 2 (0.015 g, 0.032 mmol) in C 6 D 6 (0.6 mL) and heated. The temperature ranged between 60 and 110°C with the temperature increased in 15-20°C intervals after 24 h of no observable transformation. After 70 h at 110°C, complex 2 was completely consumed to form new (NHC)Cu complexes and the free organic substrates methane, ethane, and ethylene. A JEOL HX110 magnetic sector mass spectrometer (Tokyo, Japan) operating in the EI + (electron ionization) positive-ion detection mode was used to detect methane, ethane, and ethylene in the headspace of screwcap NMR tubes. The resolving power was 1000 R (90% Valley) with a source temperature of 150°C, an ionizing voltage of 70 eV, and an accelerating voltage of 10 kV. The data were calibrated externally using PFK (perfluorokerosene) ions, and 20 µL of gas was injected for each experiment.
Thermolysis of (SIPr)Cu(Me) (2) in the Presence of TEMPO in C 6 D 6 . A solution of TEMPO (2,2,6,6-tetramethylpiperidinyloxy) (0.006 g, 0.038 mmol) and C 6 D 6 (0.2 mL) was added to a J-Young tube charged with a solution of 2 (0.015 g, 0.032 mmol) in C 6 D 6 (0.4 mL). The solution turned dark immediately. After 24 h at 130°C
, complex 2 was completely consumed to form predominantly one new copper complex and the free organics methane, ethane, and ethylene. DEFG02-03ER15387) . Calculations employed the UNT computational chemistry resource, for which T.R.C. acknowledges the NSF for support through Grant CHE-0342824.
Supporting Information Available:
Complete data from XRD studies of complexes 9, 10, 11, and 14, kinetic plots and 1 H NMR spectra of complexes 4, 5, 9, 10, 12, and 14, Cartesian coordinates for calculated structures, and experimental details for (SIPr)Cu-(Cl), (IMes)Cu(Cl), (IMes)Cu(Me), and (IPr)Cu(Br). This material is available free of charge via the Internet at http://pubs.acs.org.
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